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ABSTRACT 

The thermal s t a b i l i t y  of s i l i c o n  monocrystals 
i r r a d i a t e d  with high energy p a r t i c l e s  is  inves t iga ted .  
p-type s i l i c o n  with a s p e c i f i c  r e s i s t ance  of 7-100 
ohm-cm and containing oxygen i n  a concentration of 
3 - 8.1017 cm-3 w a s  bombarded with 1 MeV e lec t rons .  

The purpose of t h i s  a r t i c l e  i s  t o  study the  thermal s t a b i l i t y  of /148* 
d i f f e r e n t  r ad ia t ion  modifications which are produced i n  monocrystals 
of s i l i c o n  when they are i r r a d i a t e d  with high energy particles.  
may be concluded from seve ra l  a r t i c l e s  (Ref. 1-3) t h a t  defec ts  of one 
type may change i n t o  defec ts  of another type,  due t o  t h e  combination 
of s t r u c t u r a l  modifications caused by r ad ia t ion  a t  d i f f e r e n t  po in t s  
(vacancies, i n t e r s t i t i a l  atoms) w i t h  d i f f e r e n t  r e s idua l  chemical admix- 
tu re s .  However, up t o  the  present t i m e  t he re  has been hardly any 
research  devoted t o  a study of t h e  k ine t i c s  of the  formation of radia- 
t i o n  modifications i n  s i l i c o n .  

It 

p-Type s i l i c o n  with a s p e c i f i c  r e s i s t ance  of 7 - 100 ohm-cm, con- 

I r r a d i a t i o n  was performed with e l ec t rons  having 
t a i n i n g  oxygen i n  a concentration of 3 - 8*1Ol7 ~ m - ~ ,  w a s  employed as 
the  i n i t i a l  material. 
an energy of about 1 Mev a t  temperatures of 8OoK and 30° i n  an e lec t ro-  
s t a t i c  generator. 
d i r e c t l y  i n  a c r y o s t a t ,  which made it poss ib l e  t o  measure the  photocon- 
d u c t i v i t y  spec t r a  without hea t ing  t h e  samples.  
of t h e  s t a t iona ry  photoconductivity were recorded on an apparatus which 
w a s  described i n  (Ref. 4). 

The samples were i r r a d i a t e d  a t  low temperatures 

The s p e c t r a l  dependences 

Figure 1 presents  s eve ra l  s p e c t r a l  dependences of t h e  photoconduc- 
t i v i t y  s i g n a l  i n  t h e  1-13 micron range f o r  a p-type sample with an 

* Numbers i n  the  margin ind ica t e  pagination i n  the  o r i g i n a l  fore ign  
text. 
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Figure 1 

Photoconductivity Spectra of p-type Silicon Irradiated 
by Rapid Electrons at T = 80°K 

1 - Rel. Units 

initial specific resistance of 98 ohm*cm, which was irradiated by a 
stream of electrons of 5*1016 cm-' at a temperature of 80°K. 
was obtained one hour after the irradiation had stopped. 
indicate any structural (modification): 
with a decrease in the wavelength of the exciting radiation. Curve 2 
shows a spectrum of the same sample, after it was stored for five hours 
at the temperature of liquid nitrogen. It may be seen that a structure 
appeared on the curve which was observed previously (Ref. 3) when crystals 
were irradiated at room temperature by streams of 1017 electrons/cm2 and 
greater. Curve 3 was recorded after the sample was stored for 20 days at 
room temperature; curve 4 -- after the sample was annealed at a tempera- 
ture of 2OOOC for 20 minutes; and curve 5 -- after it was annealed at a 
temperature of 4OO0C for 20 minutes. 

Curve 1 
It did not 

The signal increased smoothly 

A n  analysis of curve 1 shows that the vacancy-interstitial atom 
pairs formed during the irradiation process (there is very little possi- 
bility that association will be produced at the temperature of liquid 
nitrogen due to the small diffusion rate) have considerable photoconduc- 
tivity in the wavelength region which is shorter than 3.0 microns. This 
pattern of the curve may be explained as follows. Immediately after the 
irradiation, the photoconductivity is primarily determined by point 
structural modifications, i.e., by vacancy-interstitial atom pairs 
which are located at different distances from each other. These centers 
have energy levels which are primarily located close to the zone edges. /149 
Curve 1 clearly represents the considerable photoconductivity in the 
region of wavelengths corresponding to the ejection of electrons from the 
valent zone at the levels of these centers. There are no steps in this por- 
tion of the spectrum, since the irradiation leads to the formation of 
pairs with different distribution. The energy spectrum for the binding 
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energy of an e l ec t ron  with these pa i r s  must be  continuous o r  d i s c r e t e  
with a la rge  set of levels. 

Curve 2 shows t h a t  even a t  a temperature of 80°K d i f fus ion  of 
Frenkel p a i r  members occurs. 
by admixture atoms o r  o the r  c r y s t a l  imperfections, o r  they destroy each 
other.  
assoc ia t ions  are produced which determine t h e  spectrum of the  photo- 
conductivity s i g n a l  f o r  c r y s t a l s  i r r a d i a t e d  a t  room temperatures. 
t h e  case of i r r a d i a t i o n  a t  low temperatures, t he  slow formation of such 
assoc ia t ions  ind ica t e s  t h a t  t h e  processes by which s t a b l e  s t r u c t u r a l  
modifications are produced include d i f fus ion  of i n t e r s t i t i a l  atoms and 
vacancies i n  the c r y s t a l .  
which defec ts  are produced are complicated by the  f a c t  t h a t  even a t  n i t r o -  
gen temperatures annealing occurs (destruction) of t he  poin t  defec ts  pro- 
duced by t h e  i r r a d i a t i o n .  

I n  the  d i f fus ion  process they axe captured 

When the  Frenkel p a i r  members are captured by admixture atoms, 

I n  

The quan t i t a t ive  s tud ie s  of t he  processes by 

Curve 3 ,  which w a s  measured a f t e r  t he  sample w a s  s to red  a t  room t e m -  
pera ture ,  ac tua l ly  shows t h a t  a temperature increase  leads  t o  t h e  forma- 
t i o n  of new r a d i a t i o n  modifications which determine t h e  pho tosens i t i v i ty  
of t he  ma te r i a l  i n  t h e  long wave portion of t he  spectrum. There i s  a 
relative increase  i n  photoconductivity i n  the  long wavelength region, and 
a decrease i n  the  s h o r t  wavelength region. 
of curve 3 t h a t  t he  i r r a d i a t i o n  of s i l i c o n  c r y s t a l s  a t  low temperatures 
leads  t o  the  formation of many r ad ia t ion  modifications which introduce 
ex tens ive  energy levels i n t o  the  forbidden zone (Eu + 0.12 ev, E, + 0.18 ev, 
E, + 0.21 ev, E, + 0.24 ev, Ev + 0.30 ev, E, + 0.35 ev, E, + 0.38 ev, 
E, + 0.45 ev, E, + 0.49 ev, and E, + 0.55 ev).  

It may be seen from an ana lys i s  

An ana lys i s  of curves 4 and 5 ,  obtained a f t e r  t h e  c r y s t a l s  w e r e  
annealed, makes i t  poss ib le  t o  draw seve ra l  conclusions regarding the  
temperature s t a b i l i t y  of the  centers observed. 

Thus, i f  t h e  c r y s t a l  is heated f o r  20 minutes a t  a temperature of 
2OO0C, t h i s  leads  t o  a g rea t  decrease i n  t h e  concentration of centers  
introducing levels which a r e  located comparatively c lose  t o  the  va len t  
zone (E,  + 0.12 ev, E, + 0.18 ev, Eu + 0.21 ev).  The concentration of 
cen te r s  introducing t h e  l e v e l s  E, + 0.30 ev, E, + 0.35 ev, E, + 0.45 ev, 
and Ev + 0.49 ev, bare ly  changes. Temperatures g rea t e r  than 4OO0C are 
necessary i n  order t o  break up t h e  centers introducing these  l e v e l s ,  
which i s  confirmed by the  r e s u l t s  shown i n  curve 5 .  The centers  E, + 
0.30 ev and E, + 0.45 ev are e n t i r e l y  annealed only when the  c r y s t a l s  
are heated up t o  temperatures grea te r  than 5OOOC f o r  several hours. 
Since t h e  E, + 0.30 ev center  is apparently r e l a t e d  t o  t h e  assoc ia t ion  of 
oxygen atoms with i n t e r s t i t i a l  atoms of s i l i c o n ,  w e  may reach the  conclu- 
s i o n  t h a t  oxygen produces the  most s t a b l e  assoc ia t ions  with poin t  s t ruc-  
t u r a l  defec ts .  
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Figure 2 

Diagram Showing the  Posi t ions of Energy Levels 
of Defects Produced i n  p-type S i l icon  

I r r a d i a t i o n  by Rapid Electrons 
After 

1 - Zone 

Unfortunately, due t o  t h e  extremely complex na ture  of the  processes 
by which r ad ia t ion  modifications a re  annealed, w e  have not ye t  been ab le  
t o  obta in  more p rec i se  quant i ta t ive  cha rac t e r i s t i c s  f o r  these defects .  
Basic d i f f i c u l t i e s  a r i s e  due t o  the  l a rge  number of d i f f e ren t  t y p e s  of 
s t r u c t u r a l  defec ts ,  which may change i n t o  each other  during the  annealing 
process.  Figure 2 presents  an idea of the complexity of the energy spec- 
trum of rad ia t ion  modifications i n  p-type s i l i con .  
t he  energy pos i t ions  of a l l  centers  which are produced during i r r a d i a t i o n  
by e lec t rons  and which a r e  s t a b l e  a t  room temperature. 

This f igure  presents  

V. I. Lenin Belorussia S ta t e  
University 
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